We report on the design, fabrication, and testing of ferroelectric patterned materials in the guided-wave and polaritonic regime. We demonstrate their functionality and exploit polariton confinement for amplification and coherent control using temporal pulse shaping.
Polaritonics is defined in an intermediate regime between electronics and photonics, roughly in the band above 100 GHz and below 10 THz. An ultrafast optical pulse focused into a ferroelectric crystal like LiNbO 3 (LN) or LiTaO 3 (LT) generates phonon-polaritons, admixtures of electromagnetic and TO phonon responses henceforth called polaritons, in this frequency range through impulsive stimulated Raman scattering (ISRS). 1 The polariton response is a traveling wave, so its propagation through the host crystal can be controlled using the techniques of guided wave, diffractive, and dispersive optics. 3, 4 Additionally, temporal and spatio-temporal pulse shaping may be employed to tailor the polariton waveform through coherent control. 4 This THz generation and guidance scheme offers a fully integrated platform that supports generation and manipulation in a single patterned material. Here we extend the polaritonics platform to include single and coupled resonance structures. The resonant modes within the structures are illustrated and exploited for coherent control and amplification through temporal pulse shaping. We also characterize a planar waveguide from which polariton signal images can be recorded even though the sample thickness is only 10 µm.
Patterned Materials
Patterning of ferroelectric materials, which are resistant to conventional chemical processing, is achieved with ultrafast laser machining 5 , which is conducted by focusing a series of ultrafast laser pulses (100-200 µJ, 50 fs) onto the crystal using a microscope objective (NA=1.4), leaving a material void in the irradiated region. In this manner 10-20 µm features that extend through the thickness (1-250 µm) of a LN or LT crystal are formed. A computer actuated Burleigh 3-axis translation stage controls the crystal position, allowing for the carving of user specified patterns into the crystal. Patterned materials fabricated in our group include resonators, waveguides, photonic bandgap materials, mode converters, as well as THz integrated platforms such as Mach-Zehnder interferometers, prisms, gratings, and waveguide couplers. Some of these structures are illustrated in figure 1a.
Presently, we are interested in structures that yield a high degree of specificity in the frequency dependence of distinct spatial modes. In the `polaritonic' bandgap regime, when the bandgap due to the spatial period overlaps spectrally with the intrinsic polariton bandgap, extreme localization of the electromagnetic energy and frequency dependent relocation may result. 6 Aperiodic structures also offer a means of sensitive frequency-dependent mode selection. 7 In this case, small changes in frequency result in nearly complete inter-conversion between longitudinal modes. Polaritons in the mode converter in fig 1a, for example, propagate in the TE 30 mode with 99% efficiency at 110 GHz and in the TE 10 mode at 100 GHz with 97% efficiency. The transmission and reflection spectra of this mode converter as calculated with finite element analysis are illustrated in fig 1b. 
Ferroelectric Slab Waveguide
A 10 µm LN film was fabricated through ion implantation and peel-off. 8 To demonstrate its planar waveguide dispersion properties, we have generated narrowband polaritons through ISRS using crossed beam excitation 9 and monitored their temporal and spatial evolution using polariton imaging. 10 We observe that for large wavevector polaritons, in which the wavelength is still small in comparison to the crystal thickness, confinement effects are negligible and the resulting dispersive properties are the same as in bulk. At small wavevectors, in which the wavelength is larger than the crystal thickness, the dispersive properties deviate significantly from that in bulk. In this case, a significant portion of the energy density is exterior to the host crystal, and the polaritons experience an effective index that is an average of the bulk and cladding. The waveguide dispersion relation deviates increasingly from that of the bulk as the wavevector decreases, as illustrated in Figure 2 . Fig. 2 . Narrowband polaritons are generated using crossed excitation beams in 10 µm thick LN, (film shown in part c). Their spatial and temporal evolution are monitored simultaneously by polariton imaging (images from polaritons with 3 wavevectors are shown in part a), and the polariton dispersion curve results from extracting frequency and wavevector information from each scan. Deviations of the dispersion relation from that in bulk are apparent when the polariton wavelength is longer than the slab thickness, as indicated in part b.
Coherent Control
Coherent control over polaritons ordinarily requires spatial as well as temporal pulse shaping in order to enable manipulation following propagation away from the excitation region. Confinement within a resonator, however, causes polaritons to return repeatedly to the excitation region where they may be manipulated by successive excitation pulses that arrive there with specified timing. Here we demonstrate coherent amplification of selected modes in a coupled-resonator structure consisting of a ferroelectric cavity skirted by two resonant THz air cavities. The three coupled resonators are analogous to three coupled oscillators, and the perturbational resonance frequencies are given in terms of the uncoupled resonant frequencies, and , and a coupling constant, κ , which is proportional to the index contrast and resonator widths: 
. A third resonance frequency corresponding to an anti-symmetric mode whose energy is largely in the two air cavities is possible, but its excitation through ISRS and observation through LN index changes would be difficult.
A 1 µJ excitation pulse is split into a train of six pulses with a nearly Gaussian profile using a recirculating reflective pulseshaper, which is capable of generating optical pulse-trains that are tunable in the 5 GHz -5 THz range through the motion of a single delay stage. Figure 3 shows that either symmetric mode may be selectively driven and amplified by an appropriately tuned pulse sequence. Amplification by a factor of ten in energy has been observed.
Conclusion
In conclusion, we have extended the polaritonics platform to include single and coupled resonance structures and planar waveguides. The characteristic polariton responses in these structures have been characterized, and resonance has been exploited for coherent control by properly timed pulse sequences.
